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SPECIFICATION 



DISPERSIVE SPECTROMETER 



BACKGROUND OF THE INVENTION 



1 . Field of the Invention 

[0001] The field of the present invention is spectroscopy and in particular 
hyperspectral sensors. 

2. Background 

[0002] In a typical dispersive spectrometer, a scene is imaged onto a slit so that light 
from a thin portion of the scene passes through the slit. Light from the thin portion of 
the scene is then collimated, passed through a dispersive element such as a prism or 
grating, and imaged onto a focal plane. The resulting image on the focal plane is a 
spread spectrum image of the thin portion of the scene passed through the slit. Thus, 
the spectrum for each pixel of the image from the slit may be recorded by a focal plane 
array. Usually, the slit is scanned over the image of the scene to create what is 
commonly called a data cube in which the spectrum for each slit pixel in a two- 
dimensional scene is stored. 

[0003] The data cubes created by the above process may be very large. For 
example, if a 256x256 focal plane array is used, for any given thin portion of an image, 
256 spectral pixels are measured for each of the 256 slit pixels. If the slit is scanned 
across 256 separate thin portions of the scene, then the total data cube will consist of 
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256x256 slit pixels, and each slit pixel is associated with 256 spectral pixels. 
Altogether, this amounts to 16 million data points within the data cube. Assuming two 
bytes of information for each data point, such a data cube would contain approximately 
32 Megabytes of data. 

[0004] In order to image an entire industrial region using a dispersive spectrometer, 
very large data cubes are necessarily generated, with the data cubes containing many 
Gigabytes of data. The overall size of such large data cubes and the time required to 
process the data may be reduced by optimizing the spectral sampling. 
[0005] The limiting size of currently available infrared focal plane arrays provides 
additional incentive to optimize the spectral sampling. For example, in the long- 
wavelength infrared (LWIR) band, current technology supports only about 256x256 pixel 
focal plane arrays suitable for high performance dispersive sensors where a 1024x1024 
pixel focal plane array would be more desirable to increase spatial coverage and 
provide better spectral resolution. However, not only are the currently available focal 
planes restricted in size, but they are also very expensive, frequently costing millions of 
dollars to develop. 

[0006] Dispersive spectrometers using gratings typically produce a spectral sampling 
that is approximately uniform in wavelength. Thus, each spectral pixel samples an 
equal range of wavelength, such as every 10 nanometers. Prism based dispersive 
20 spectrometers, however, sample non-uniformly in wavelength according to the variation 
in refractive index for the particular material used. 

[0007] Both of these dispersive designs do not match the ideal sampling for gaseous 
materials, which is constant sampling in wavenumber (1 /wavelength) over a fairly broad 



LA-220916.1 



2 



± o % j Vi ilM ; l, : l , f o jl ;e: e o & 

Express Mail No. EL36^^I777US ^ Patent 

268/250 

spectrum. Many gaseous materials tend to have spectral line widths which are constant 
in wavenumber. Thus, when monitoring materials with such characteristics, it is often 
desirable to have sampling intervals that are approximately constant in wavenumber. 
However, for some applications it may be desirable to stress one portion of the band 
over another or to have a specific variation in spectral resolution across the band being 
analyzed. 

SUMMARY OF THE INVENTION 
[0008] The present invention is directed to a dispersive spectrometer that utilizes a 
grism to disperse light from a thin portion of a scene. The dispersive spectrometer 
0 comprises in optical alignment a primary lens, a slit, a collimating lens, a grism, and a 
focusing lens. The primary lens images a scene onto the slit and light from a thin 
portion of the scene passes through the slit. Light from the thin portion of the scene is 
thereafter dispersed by the grism. The grism includes a diffractive element integral to a 
surface of the grism. The grism is disposed so that light passing through the dispersive 
spectrometer has an angle of incidence upon the surface including the diffractive 
element that is greater than one-third of the critical angle at the surface. Additionally, 
the grism is oriented so that the diffractive element disperses light from the thin portion 
of the scene in a direction that is perpendicular to the major dimension of the thin 
portion of the scene. The focusing lens defines a focal plane upon which the dispersed 
20 light is imaged. 

[0009] In a first separate aspect of the present invention, the grism may be formed of 
a material having an index of refraction that varies over a range of wavenumbers. In 
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this case, the index of refraction of the grism may disperse light either in the same 
direction as or in a direction opposite from the dispersion provided by the diffractive 
element. 

[0010] In a second separate aspect of the present invention, the dispersive 



focal plane array detects the dispersed light from the thin portion of the scene. The 
focal plane array may be used to detect light in specific bands. 

[0011] In a third separate aspect of the present invention, the dispersive spectrometer 
further comprises a prism optically disposed between the collimating lens and the grism. 
The prism disperses light from the thin portion of the scene in either the same direction 
as or in a direction opposite from the dispersion provided by the diffractive element. 
The combination of a prism and a grism may be used to additionally shape the spectral 
output of the dispersive spectrometer as desired. 

[0012] In a fourth separate aspect of the present invention, the dispersive 
spectrometer further comprises a second grism optically disposed between the 
collimating lens and the first grism. The second grism disperses light from the thin 
portion of the scene in either the same direction as or in a direction opposite from the 
dispersion provided by the diffractive element. The combination of the two grisms may 
be used to additionally shape the spectral output of the dispersive spectrometer as 
desired. 

[0013] In a fifth separate aspect of the present invention, any of the foregoing aspects 
may be employed in combination. 



spectrometer further comprises a focal plane array disposed at the focal plane. The 
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[0014] Accordingly, it is an object of the present invention to provide an improved 
dispersive spectrometer. Other objects and advantages will appear hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0015] In the drawings, wherein like reference numerals refer to similar components: 

Figure 1 is a schematic illustration of a dispersive spectrometer utilizing a prism 
according to the prior art; 

Figure 2 is a plot representing the position of light on the focal plane versus 
spectral wavenumber for the dispersive spectrometer of Figure 1 ; 

Figure 3 is a plot representing dispersion versus wavenumber for the dispersive 
spectrometer of Figure 1 ; 

Figure 4 is a schematic illustration of a dispersive spectrometer in accordance 
with an embodiment of the present invention; 

Figure 5 is a plot representing the position of light on the focal plane versus 
spectral wavenumber for the dispersive spectrometer of Figure 4; 

Figure 6 is a plot representing dispersion versus wavenumber for the dispersive 
spectrometer of Figure 4; 

Figure 7 is a schematic illustration of a dispersive spectrometer in accordance 
with another embodiment of the present invention; 

Figure 8 is a plot representing the position of light on the focal plane versus 
spectral wavenumber for the dispersive spectrometer of Figure 7; 

Figure 9 is a plot representing dispersion versus wavenumber for the dispersive 
spectrometer of Figure 7; 
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Figure 10 is a schematic illustration of a dispersive spectrometer in accordance 
with another embodiment of the present invention; and 

Figure 11 is a schematic illustration of a dispersive spectrometer in accordance 
with another embodiment of the present invention. 

5 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0016] Turning in detail to the drawings, Figure 1 illustrates a dispersive spectrometer 
100 using a prism 101 as it exists in the prior art. Radiant energy from the scene 104 is 
collected by a primary lens 106 and focused onto a slit 108. Light from a thin portion of 
the scene passes through the slit 108 and is collimated by a lens 110. A prism 101 
0 disperses the collimated light into its constituent wavelengths according to the refractive 
properties of the prism 101. The resulting dispersed light is imaged by a focusing lens 
112 onto a focal plane 113. A focal plane array 114 is disposed at the focal plane 113 
to detect the dispersed light. The signal generated by the focal plane array 114 is read 
out, digitized, and stored as data in a data acquisition system 116. Thereafter, the data 
15 may be accessed by a computer 1 18 for processing and display. 

[0017] The position of the light from such the dispersive spectrometer of Figure 1 is a 
highly nonlinear function of wavenumber, and is determined by the following equation: 



Deflection(V) = asin 



n(y). 



asm 

v 



a 

J 



n(y) 

where v is the wavenumber of the light, a is the prism vertex angle, p is the angle of 
20 incidence of the light with the entry surface of the prism, and n(v) is the refractive index 
of the prism material as a function of wavenumber. 
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[0018] Figure 2 is a plot representing the position of light on the focal plane array 114 
as a function of wavenumber. In Figure 2, the deflection of the central color has been 
subtracted to provide a zero reference, as normally the optical system is aligned so that 
the central color has little or no dispersion. The plot of Figure 2 was obtained using a 
prism made of sodium chloride (NaCI) and having a 60 degree wedge angle. The prism 
was positioned so that light from the thin portion of the scene had a 60 degree angle of 
incidence upon the entry face 101a of the prism 101. Such a prism is often used in the 
long-wavelength infrared (LWIR) band from 8-14 micrometers wavelength due to its 
relatively large dispersion and high transmission. However, as can be noted from the 
plot of Figure 2, the position of light on the focal plane array 114 is not very linear in 
wavenumber. 

[0019] Figure 3 is a plot representing the derivative of the plot of Figure 2. This plot 
shows the spectral dispersion of light as a function of wavenumber for the dispersive 
spectrometer of Figure 1. For gas detection in the LWIR band, the ideal spectral 
dispersion is a constant spectral dispersion, such that each data point on the focal plane 
represents the same spectral bin in wavenumbers. As can be seen from the plot of 
Figure 3, the non-linearity in wavenumber for a dispersive spectrometer using an NaCI 
prism results in approximately 2.5X over-sampling in the region around 750 cm' 1 and 
approximately 2.5X under-sampling in the region around 1300 cm" 1 . Unfortunately, 
over-sampling wastes expensive focal plane array pixels and under-sampling reduces 
the spectrometer's ability to identify and quantify different gases. Thus, a dispersive 
spectrometer using an NaCI prism is not well suited for broad spectral measurements in 
the LWIR band. Also, because no known prism material combines an index of 
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refraction that is linear in wavenumber, generates sufficient dispersion, and sufficiently 
transmits a desired band, prism-based spectrometers cannot be used to obtain 
dispersion that is nearly constant in wavenumber. 

[0020] Figure 4 illustrates a first embodiment of a dispersive spectrometer 200 
according to the present invention. Light from a scene 204 is collected by a primary 
lens 206 and focused onto a slit 208 so that light from a thin portion of the scene passes 
through the slit 208. Light from the thin portion of the scene then passes through a 
collimating lens 210 and is dispersed into constituent wavelengths by a grism 201. The 
grism 201 is a prism with a diffractive element 202 integral to either the entry surface 
201a or the exit surface 201b of the grism 201 . The prism aspect of the grism 201 may 
have a constant index of refraction or one that is a function of wavenumber. The grism 
201 in Figure 4 has the diffractive element 202 integral to the exit surface 201b, and is 
positioned so that light from the thin portion of the scene has an angle of incidence upon 
the diffractive element 202 that is greater than one-third of the critical angle at exit 
surface 201b. The light preferably has a normal angle of incidence with the entry 
surface 201a, however an off-normal angle of incidence may also be used. Dispersed 
light from the grism 201 is imaged by a focusing lens 212 onto a focal plane defined by 
the focusing lens. A focal plane array 214 is disposed at the focal plane 213 to detect 
dispersed light from the thin portion of the scene and provide a signal proportional to the 
detected light. The signal from the focal plane array 214 may thereafter be read out, 
digitized, and stored as data in a data acquisition system 216 for later access. A 
computer 218 may be advantageously employed to access, process, display, and/or 
utilize the data stored in the data acquisition system 216. 
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[0021] The spectral position of light on the focal plane array 214 for the dispersive 
spectrometer of Figure 4 is a combination of compensating nonlinear functions of 
wavenumber, and is determined by the following equation: 



where v is the wavenumber of the light, p is the angle of incidence of the light on the 
grism, p is the period of the grating on the exit side of the grism, and n(v) is the 
refractive index of grism material. Those skilled in the art will recognize that based 
upon the above equation, dispersed light from the dispersive spectrometer of Figure 4 is 
substantially linear in wavenumber for some ranges of wavenumbers when the other 
variable parameters are appropriately chosen. 

[0022] For some applications, it may be desirable to shape the spectral dispersion 
using additional refractive optical elements. The additional refractive optical elements 
may be integral to the grism, as indicated above, or may be in the form of additional 
prisms, grisms, or any other type of refractive optical element. Such spectral shaping 
may be advantageous to emphasize one or more spectrums within a larger band such 
as the visible, NIR, SWIR, MWIR, LWIR, or FIR bands. For example, if the spectrum of 
interest includes the wavenumbers from 800 cm' 1 to 1000 cm" 1 , then a refractive 
element may be introduced into the dispersive spectrometer to narrowly disperse light 
within the range of interest but broadly disperse light outside this range. Thus, when the 
light in the range of interest passes through the diffractive element of the grism, the 
spectral dispersion in this range may be over-sampled, while light outside the range is 
under-sampled. The refractive element may disperse light either in the same direction 
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as the diffractive element or in a direction opposite the dispersion provided by the 
diffractive element. 

[0023] The direction in which the refractive element disperses light depends on the 
application and the shape of the spectral dispersion desired. The refractive element 
may increase the dispersion caused by the diffractive element of the grism. In this 
case, the refractive element disperses light in the same direction as the diffractive 
element. Alternatively, the refractive element may decrease the dispersion caused by 
the. diffractive element. In this case, the refractive element disperses light in a direction 
opposite the dispersion provided by the diffractive element. 

[0024] Figure 5 shows a plot of the spectral position of light from the thin portion of 
the scene on the focal plane array 214 as a function of wavenumber. The range of light 
shown is in the LWIR band. The deflection of the central color has been subtracted in 
Figure 5 to provide a zero reference. The dispersive spectrometer used to obtain the 
plot of Figure 5 included a grism made from a material with a refractive index of 
approximately 1.4, such as NaCI, and a grating period of 25.36 jim. With a refractive 
index of approximately 1.4, the critical angle is approximately 0.8 radians, and one-third 
of the critical angle is approximately 0.27 radians. The grism was positioned so that 
light from the thin portion of the scene had an angle of incidence of 1.15 radians with 
the diffractive element at the exit surface of the grism. Such a dispersive spectrometer 
shows one example of how to select the physical parameter value ranges in order to 
achieve a deflection that is substantially linear in wavenumber. Similar results may be 
achieved by using grisms made from other materials having high transmission rates for 
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light in one or more of the visible or infrared bands, including materials such as ZnSe, 
KRS5, and CaF2. 

[0025] Figure 6 is a plot representing the derivative of the plot of Figure 5. This plot 
shows the spectral dispersion of light as a function of wavenumber for the dispersive 
spectrometer of Figure 4. When compared to the spectral dispersion plotted in Figure 3 
for a dispersive spectrometer using a prism only, the spectral dispersion plotted in 
Figure 6 for a dispersive spectrometer using a grism as described herein has relatively 
little variation across the band. 

[0026] Figure 7 illustrates a second embodiment of a dispersive spectrometer 300 
according to the present invention. In Figure 7, the diffractive element 302 is integral to 
the entry surface 301a of the grism 301, and the grism 301 is disposed so that light from 
the thin portion of the scene has an angle of incidence upon the entry surface 301a that 
is greater than one-third of the critical angle at entry surface 301a. The light preferably 
has approximately a normal angle of incidence with the exit surface 301b, however an 
off-normal angle of incidence may also be used. The grism 301 may have a constant 
refractive index or a refractive index that is wavenumber dependent. When selecting 
the refractive index of the grism 301, the same considerations previously described may 
be utilized. The spectral position of light on the focal plane array 214 for the dispersive 
spectrometer of Figure 7 is a combination of compensating nonlinear functions of 
wavenumber, and is determined by the following equation: 



Deflection (v) = asin n(v)sin asin 



sin(p) 1 
i 1 — L 

\ n(v) n(v)vp 



-a 



J J 
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where v is the wavenumber of the light, p is the angle of incidence of the light on the 
grism, p is the period of the grating on the exit side of the grism, a is the wedge angle of 
the grism, and n(v) is the refractive index of grism material. Those skilled in the art will 
recognize that based upon the above equation, dispersed light from the dispersive 
spectrometer of Figure 7 is substantially linear in wavenumber for some ranges of 
wavenumbers when the other variable parameters are appropriately chosen. 
[0027] Figure 8 shows a plot of the spectral position of light from the thin portion of 
the scene on the focal plane array 214 as a function of wavenumber. The range of light 
shown is in the LWIR band. As before, the deflection of the central color has been 
subtracted in Figure 8 to provide a zero reference. The dispersive spectrometer used to 
obtain the plot of Figure 8 included a grism made from a material with a refractive index 
of approximately 2.4, such as KRS5. With a refractive index of approximately 2.4, the 
critical angle is approximately 0.43 radians, and one-third of the critical angle is 
approximately .14 radians. The grism also had a grating period of 36 ^m, and a wedge 
angle of 0.594 radians. The grism was positioned so that light from the thin portion of 
the scene had an angle of incidence of 0.2 radians with the diffractive element at the 
exit surface of the grism. Such a dispersive spectrometer shows one example of how to 
select the physical parameter value ranges in order to achieve a deflection that is 
substantially linear in wavenumber. Similar results may be achieved by using a grism 
made from other materials having high transmission rates for light in one or more of the 
visible or infrared bands, including materials such as NaCI, ZnSe, and CaF2. 
[0028] Figure 9 is a plot representing the derivative of the plot of Figure 8. This plot 
shows the spectral dispersion of light as a function of wavenumber for the dispersive 
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spectrometer of Figure 7. When compared to the spectral dispersion plotted in Figure 3 
for a dispersive spectrometer using a prism only, the spectral dispersion plotted in 
Figure 9 for a dispersive spectrometer using a grism as described herein has relatively 
little variation across the band. 

[0029] Figure 10 illustrates a third embodiment of a dispersive spectrometer 400 
according to the present invention. In this embodiment, a prism 401 is optically 
disposed between the collimating lens 210 and the grism 402. The grism 402 in Figure 
10 has the diffractive element integral to the exit surface of the grism 402. However, the 
diffractive element may also be integral to the entry surface of the grism 402. The 
combination of the prism 401 and grism 402 may be used to shape the spectral 
dispersion on the focal plane array as desired. In shaping the spectral dispersion, the 
prism may be used so that it disperses light either in the same direction or in a direction 
opposite the dispersion provided by the grism. The prism 401 may thus be used to 
introduce non-uniform spectral dispersion, while the grism 402 is used to tailor the 
spectral dispersion output from the prism 401 into a desired form. The final form of the 
spectral dispersion may be substantially uniform or non-uniform as desired. 
[0030] Figure 11 illustrates a fourth embodiment of a dispersive spectrometer 500 
according to the present invention. This embodiment includes a first grism 501 and a 
second grism 502, and light from the thin portion of the scene passes through both. 
The combination of the two grisms may provide more uniform spectral dispersion than a 
single grism or more precise tailoring of a desired non-uniform spectral dispersion. 
[0031] Thus, an improved dispersive spectrometer is disclosed. While embodiments 
of this invention have been shown and described, it would be apparent to those skilled 
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in the art that many more modifications are possible without departing from the inventive 
concepts herein. Such modifications may include inserting additional refractive or 
reflective optical elements into the dispersive spectrometer to redirect, reduce, or 
magnify light from the scene. The invention, therefore, is not to be restricted except in 
the spirit of the following claims. 
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